Brevirhabdus pacifica gen. nov., sp. nov., isolated from deep-sea sediment in a hydrothermal vent field The family Rhodobacteraceae, belonging to the class Alphaproteobacteria, is phenotypically, metabolically and ecologically diverse, and includes photoheterotrophs, chemo-organotrophs, facultatively fermentative organisms and facultative methylotrophs (Garrity et al., 2005) . The establishment of the family Rhodobacteraceae was mainly based on the phylogenetic analysis of 16S rRNA gene sequences (Garrity et al., 2005) . At the time of writing, the family consists of more than one hundred recognized genera (http://www.bacterio.net/-classifgenerafamilies.html#Rhodo bacteraceae). Members of this group show diverse physiological and morphological features, including phototrophy, aerobic sulfite oxidation, organic sulfur compound degradation, methylotrophy, gas vesicles, poly-b-hydroxybutyrate (PHB) granules, rosette formation and production of exopolysaccharide. (Arahal et al., 2005; Buchan et al., 2005; Martínez-Checa et al., 2005). In this paper, we present a polyphasic study describing one novel bacteria, isolated from a deep-sea sediment sample, which belongs to this family.
The family Rhodobacteraceae, belonging to the class Alphaproteobacteria, is phenotypically, metabolically and ecologically diverse, and includes photoheterotrophs, chemo-organotrophs, facultatively fermentative organisms and facultative methylotrophs (Garrity et al., 2005) . The establishment of the family Rhodobacteraceae was mainly based on the phylogenetic analysis of 16S rRNA gene sequences (Garrity et al., 2005) . At the time of writing, the family consists of more than one hundred recognized genera (http://www.bacterio.net/-classifgenerafamilies.html#Rhodo bacteraceae). Members of this group show diverse physiological and morphological features, including phototrophy, aerobic sulfite oxidation, organic sulfur compound degradation, methylotrophy, gas vesicles, poly-b-hydroxybutyrate (PHB) granules, rosette formation and production of exopolysaccharide. (Arahal et al., 2005; Buchan et al., 2005; Martínez-Checa et al., 2005) . In this paper, we present a polyphasic study describing one novel bacteria, isolated from a deep-sea sediment sample, which belongs to this family.
The deep-sea sediment sample was collected from a hydrothermal vent field (38 069 150 S 1028 339 160 W) located in the East Pacific Rise, using a TV grab bucket operated from the vessel Da Yang Yi Hao. Aboard the ship, the sediment sample was subsampled aseptically and processed immediately. An approximately 100 mg subsample was suspended in 3 ml sterile seawater and vortexed for 15 min. The dispersed sediment suspension was diluted and spread on modified marine agar (prepared according to the Difco formula for marine 2216 agar, but with the amounts of peptone and yeast extract reduced from 5 g l 21 and 1 g l 21 to 0.5 g l 21 and 0.1 g l designated 22DY15
T , was picked. The isolate was purified by repeated restreaking. Purity was confirmed by the uniformity of cell morphology. Unless otherwise stated, strain 22DY15
T was routinely cultured in marine broth 2216 (MB; BD) or on marine agar 2216 (MA; BD) at 30 8C and preserved as a glycerol suspension (30 %, v/v) at 280 8C.
The temperature range for growth was determined by incubating at 4, 10, 15, 20, 25, 30, 35, 37, 40, 42 and 45 8C. The pH range for growth was determined in MB that was adjusted to pH 5-10.5 (in 0.5 pH unit intervals) using appropriate buffers (MES for pH 5.0-6.0, PIPES for pH 6.5-7.0, Tricine for pH 7.5-8.5 and CAPSO for pH 9.0-10.5) at a concentration of 50 mM. Evaluation of the pH after autoclaving revealed only minor changes. The optimal conditions for growth were tested by using NaCl-free MB (MB medium without NaCl component) with different NaCl concentrations (0, 0.5, 1.0, 3.0, 5.0, 7.5, 10.0, 12.0, 15.0 and 20 .0 % as final concentration, w/ v). The requirement of strain 22DY15
T for artificial sea salts was evaluated on trypticase/soy broth (BD) with the addition of 0, 1, 2, 3, 5, 7, 9, 10, 11, 12 and 15 % (w/v) sea salts (Sigma). Growth curves of strain 22DY15
T and the closest related species were performed on MB at 30 8C, using a Beckman DU 800 Spectrophotometer (wavelength of 600 nm). Cell morphology and motility were examined using optical microscopy (BX40; Olympus), confocal laser scanning microscopy (TCS SP5; Leica) and transmission electron microscopy (JEM-1230; JEOL).
Catalase activity was determined by bubble production in 3 % (v/v) H 2 O 2 solution. Oxidase activity was determined by oxidation of 1 % (w/v) p-aminodimethylaniline oxalate. Anaerobic growth was carried out with AnaeroPack (Mitsubishi) using fumarate (20 mM), nitrate (20 mM) or nitrite (10 mM) as a potential electron acceptor. Tests for hydrolysis of aesculin, DNA, gelatin, starch and Tweens 20, 60 and 80 were performed according to Dong & Cai (2001) . Acid production was tested using the marine oxidation-fermentation (MOF) medium supplemented with 0.5 % sugars (Leifson, 1963) . The utilization of carbohydrates as sole carbon and energy sources was determined in BM medium (Farmer et al., 2005) . The corresponding filter-sterilized sugars (0.2 %, w/v), alcohols (0.2 %, w/v), organic acids (0.1 %, w/v) or amino acids (0.1 %, w/v) were added to the medium. Sensitivity to antimicrobial agents was determined on MA at 30 8C and observed after 3, 7 and 14 days. An inhibition zone diameter .8 mm (including the 6 mm diameter of the filter paper) was considered sensitive to antimicrobial agent. Additional enzyme activities and biochemical characteristics were determined using API 20 NE, API 20E and API ZYM kits (bioMérieux) at 30 8C. Strips were inoculated with a heavy bacterial suspension (MacFarland 5 standard) in AUX medium supplemented with 2 % (w/v) sea salts (Sigma) according to Park et al. (2005 Genomic DNA was obtained by using the method described by Marmur (1961) . The G+C content of the resulting deoxyribonucleosides was determined by reversed-phase HPLC and calculated from the deoxyguanosine/thymidine ratio (Mesbah & Whitman, 1989) . Isoprenoid quinones were extracted from freeze-dried cells (200 mg) with chloroform/methanol (2 : 1, v/v) and analysed by HPLC-MS. Analysis of polar lipids were performed by the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; Braunschweig, Germany). Total lipid material was detected using molybdatophosphoric acid and specific functional groups were detected using spray reagents specific for defined functional groups (Tindall et al., 2007) . Cellular fatty acid methyl esters were obtained from cells grown in MB at the end of exponential phase (30 8C, 15 h) and analysed by using GC/MS (Kuykendall et al., 1988) according to the instructions of the Microbial Identification System (MIDI). Cells of A. sediminilitoris KCTC 23959
T and L. maricola JCM 14564 T were obtained from MB at the end of exponential phase at 30 8C for 11, 11 and 17 h, respectively, according to the growth curve.
The 16S rRNA gene of strain 22DY15
T was amplified and analysed as described previously (Xu et al., 2007) . PCR products were cloned into vector pMD 19-T (TaKaRa) and then sequenced. The almost-complete 16S rRNA gene sequence was compared with closely related sequences of reference organisms from the EzTaxon-e database (Kim et al., 2012) . Phylogenetic analysis was performed in ARB release 6.0.2 (Ludwig et al., 2004) in the All-Species Living Tree Project database (LTP_s119, November 2014, Yarza et al., 2008) . The 16S rRNA gene sequences of strain 22DY15
T and related species were aligned with SINA (version 1.2.11) according to the SILVA seed alignment (http://www.arb-silva.de; Pruesse et al., 2007) and implemented into the LTPs database. The alignment was checked manually based on secondary structure information. Phylogenetic trees were calculated with the maximum-likelihood method using RAxML version 7.04 (Stamatakis, 2006) with GTR-GAMMA model. Based on the obtained phylogenetic resolution and EzTaxon-e results, further trees were reconstructed, including 39 type strains of the closest related species, using the MEGA 5 software package. Sequence data were aligned with CLUS-TAL W (Thompson et al., 1994) . Phylogenetic trees were reconstructed by the neighbour-joining (Saitou & Nei, 1987) , maximum-parsimony (Fitch, 1971 ) and maximum-likelihood methods (Felsenstein, 1981) with the MEGA 5 software package (Tamura et al., 2011) . Evolutionary distances were calculated according to the algorithm of Kimura's two-parameter model (Kimura, 1980) for the neighbour-joining method.
Cells of strain 22DY15 T were Gram-stain-negative, aerobic, short rod-shaped (0.4-0.7 mm in width and 1.0-1.8 mm in length) with a single flagellum, and divided by binary fission (Fig. 1 ). Colonies were non-pigmented, circular, convex, smooth and 1-2 mm in diameter after incubation for 3 days at 30 8C on MA. Strain 22DY15 T was positive for oxidase and catalase activities, as well as nitrate reduction, and was susceptible to (mg per disc unless otherwise stated) amikacin (30), ampicillin (10), cefalexin (30), ceftriaxone (30), chloramphenicol (30), ciprofloxacin (5), erythromycin (15), gentamicin (10), kanamycin (30), minocycline (30), neomycin (30), nitrofurantoin (300), norfloxacin (10), novobiocin (30), penicillin G (10 IU), rifampicin (5) streptomycin (10), tetracycline (30), tobramycin (10) and vancomycin (30), but resistant to clindamycin (2), nalidixic acid (30) and polymyxin B (300 IU). Detailed phenotypic characteristics are given in the species description and Table 1. The almost-complete 16S rRNA gene sequence (1384 nt) of strain 22DY15
T was obtained. The strain was most closely T clustered with the genus Loktanella and formed an independent clade. The neighbour-joining, maximum-likelihood and maximum-parsimony phylogenetic tree topologies reconstructed by MEGA 5 showed that strain 22DY15
T formed an independent clade (high bootstrap value of 82) within the family Rhodobacteraceae and could not be associated with any of the recognized genera in the family (Fig. 2) .
The chemotaxonomic data support the result of the phylogenetic analysis. The major respiratory quinone found in strain 22DY15
T was Q-10 (95.3 %) with minor amounts of Q-9 (4.7 %), in line with all members of the most closely related genera (Aliiroseovarius, Sulfitobacter and Loktanella). Strain 22DY15 T reached the end of exponential phase (15 h) slower than A. sediminilitoris KCTC 23959 T (11 h) and S. pontiacus DSM 10014
T (11 h), but faster than L. maricola JCM 14564
T (17 h). Fatty acids analysis revealed C 18 : 1 v7c was the principal fatty acid (.70 %). Compared to the reference strains, the summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH) content of strain 22DY15 T (5.7 %) was higher than that of the A. sediminilitoris KCTC 23959 T (0.9 %), S. pontiacus DSM 10014 T (0.6 %) and L. maricola JCM 14564 T (#0.5 %) ( Table 2 ). The contents of C 19 : 0 cyclo v8c and unknown 11.799 in strain 22DY15 T (4.3 % and 4.6 %, respectively) were significantly higher than those of A. sediminilitoris KCTC 23959 T (#0.5 %), and those fatty acids were not detected in S. pontiacus DSM 10014 T and L. maricola JCM 14564 T . The major polar lipids of strain 22DY15
T were phosphatidylglycerol (PG), phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphoglycolipid, one aminolipid and three unidentified phospholipids (Fig. S1 , available in the online Supplementary Material). Strain 22DY15
T and all species within the genera Aliiroseovarius, Sulfitobacter and Loktanella possess PC and PG, while species of these genera differ in the presence of PE and diphosphatidylglycerol (Table S1 ).
Cells of strain 22DY15
T contained a phosphoglycolipid, which is absent in the all members of the genera Aliiroseovarius, Sulfitobacter and Loktanella. In addition, moderate to minor amounts of two glycolipids and four unidentified lipids were detected in strain 22DY15 T . The results show clear differences in fatty acid composition and polar lipid profile compared with closely related genera of the family Rhodobacteraceae.
Strain 22DY15
T could also be distinguished from the type strains of its closest related species by differences in phenotypic characteristics such as assimilation of carbon sources and enzyme activities (Table 1) . It also could be phenotypically differentiated from related genera on the basis of motility, nitrate reduction, enzyme activities, polar lipid composition and DNA G+C content (Table S1 ).
On the basis of phenotypic data and phylogenetic inference obtained in this study, strain 22DY15
T represents a novel species of a new genus in the family Rhodobacteraceae, for which the name Brevirhabdus pacifica gen. nov., sp. nov. is proposed.
Description of Brevihabdus gen. nov.
Brevirhabdus (Bre.vi.rhab9dus. L. adj. brevis short; Gr. fem. n. rhabdos rod; N.L. fem. n. Brevirhabdus referring to a short rod-shaped bacterium).
Gram-negative, non-spore-forming bacteria. Dividing by binary fission. Motile. Catalase-and oxidase-positive. Aerobic chemoheterotrophs. Major polar lipids are PG, PE, PC, phosphoglycolipid, an aminolipid and three unidentified phospholipids. The principal fatty acid is C 18 : 1 v7c. The predominant respiratory quinone is Q-10, with Y.-H. Wu and others minor amounts of Q-9. The DNA G+C content is 64.3 mol%.
The type species is Brevirhabdus pacifica.
Description of Brevirhabdus pacifica sp. nov.
Brevirhabdus pacifica (pa.ci9fi.ca. L. fem. adj. pacifica peaceful, pertaining to the Pacific Ocean).
Litoreibacter albidus KMM 3851 T (AB518881)
Litoreibacter janthinus KMM 3842 T (AB518880)
Litoreibacter arenae GA2-M15 T (EU342372)
Ruegeria halocynthiae MA1-6 T (HQ852038)
Ruegeria faecimaris HD-28 T (GU057915)
Ruegeria atlantica IAM 14463 T (D88526)
Ruegeria scottomollicae LMG 24367 T (AM905330)
Leisingera nanhaiensis NH52F T (FJ232451)
Leisingera aquimarina CCUG 55860 T (AM900415)
Leisingera methylohalidivorans MB2 T (AY005463)
Roseobacter denitrificans Och 114 T (CP000362)
Roseobacter litoralis Och 149 T (CP002623)

Sulfitobacter litoralis Iso 3 T (DQ097527)
Sulfitobacter pontiacus DSM 10014 T (Y13155)
Sulfitobacter mediterraneus DSM 12244 T (Y17387)
Sulfitobacter donghicola DSW-25 T (EF202614)
Sulfitobacter guttiformis EL-38 T (Y16427)
Loktanella koreensis GA2-M3 T (DQ344498)
Loktanella rosea Fg36 T (AY682199)
Loktanella tamlensis SSW-35 T (DQ533556)
Loktanella maricola DSW-18 T (EF202613)
Loktanella litorea DPG-5 T (JN885197)
Loktanella vestfoldensis LMG 22003 T (AJ582226)
Loktanella salsilacus LMG 21507 T (AJ440997)
Loktanella hongkongensis UST950701-009P T (AY600300)
Loktanella pyoseonensis JJM85 T (AM983542)
Brevirhabdus pacifica 22DY15 T (KC018457)
Aliiroseovarius sediminilitoris M-M10 T (JQ739459)
Aliiroseovarius crassostreae CV919-312 T (AF114484)
Aliiroseovarius halocynthiae MA1-10 T (HQ852039)
Aliiroseovarius pelagivivens GYSW-22 T (KP662554)
Profundibacterium mesophilum KAUST100406-0324 T (JF776971)
Maribius pelagius B5-6 T (DQ514326)
Hasllibacter halocynthiae KME 002 T (FJ638616)
Lutimaribacter saemankumensis SMK-117
Hyphomonas polymorpha Brevirhabdus pacifica gen. nov., sp. nov.
Cells are Gram stain-negative, aerobic, flagellated and short rod-shaped, 0.4-0.7 mm in width and 1.0-1.8 in length. Colonies are non-pigmented, circular, slightly convex and 1-2 mm in diameter after incubation for 3 days at 30 uC on marine agar. Growth occurs in the presence of 0-5 % (w/v) NaCl (optimum 0-1 %). Does not require natural seawater or artificial sea-salts for growth. The pH and temperature ranges for growth are pH 6.5-8. *Summed features represent groups of two or three fatty acids that could not be separated by GLC with the MIDI system. Summed feature 2 contained C 14 : 0 3-OH and/or iso-C 16 : 1 I; summed feature 3 contained C 16 : 1 v7c and/or iso-C 15 : 0 2-OH.
